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Abstract 
In their operating, silicon heterojunction solar cells involve many processes ranging from generation of electron-hole pairs, 
recombination of charge carriers at different parts of the structure, lateral charge carrier transport, etc. In order to study in details 
such solar cells, simulation is required to separate the influence of limiting factors on cells performance. In this context we 
present 2D simulations of front and rear emitter silicon heterojunction solar cells accounting for the presence of highly 
recombinative silicon wafer edges; simulations were developed in the frame of the commercial package Atlas from Silvaco. 
Simulations have been built up to model SunsVoc measurements to extract pseudo-current-voltage curves (p-FF, p-Voc). Several 
parameters in the structure are varied to improve the understanding of solar cells, such as defect densities, thicknesses, etc. 
Finally, simulation results are discussed in the frame of experimental results and industrial ways to isolate junctions on finished 
solar cells. 
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1. Introduction 
Silicon heterojunction solar cells are of great interest due to their high open-circuit voltage potential achievable 
thanks to the passivation of the crystalline silicon (c-Si) substrate with hydrogenated amorphous silicon (a-Si:H). 
Recently a power conversion efficiency of 24.7% was reached, with an outstanding fill factor of more than 83% [1]. 
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Such high fill factors and efficiencies can be obtained only if one tailors cells in order to minimize recombination 
and maximize lateral transport of photo-generated charge carriers. So far much effort on device optimization has 
been focused on tuning global parameters, like material properties [2], layer thicknesses [3], passivation quality [4], 
[5], etc. However, as cells become always more efficient, it is now necessary to investigate which phenomena limits 
the performance on the edges, typically where the junction has to be isolated to avoid shunts. Junction isolation 
methods include chemical mesa-etching, laser firing, cleavage, transparent conductive oxide (TCO) masking, etc. 
Such processes may degrade the device in that they let c-Si unpassivated at the edges, which creates additional 
recombination paths for charge carriers. Experimentally, information about these processes can be accessed through 
current-voltage measurement and SunsVoc measurements [6]. In order to develop an interpretation basis for 
experimental results, accurate simulations are required. 
Excellent, intuitive, open-source simulation programs exist for one dimensional solar cell simulations: AforsHet 
[7], PC1D [8], etc. They are extremely convenient in most cases and shed light on numerous phenomena occurring 
in solar cells, especially those based on a-Si:H/c-Si heterojunctions. They helped several teams in understanding and 
improving their devices; among other examples, one could refer to works dealing with interface defect densities [9], 
TCO work function [10], interfacial band offset [11]. However, as device optimization meets both the industrial 
problematic and already highly efficient devices, it becomes necessary to look at two or three dimensional effects 
[12]. Therefore we used the commercial 2D simulation package Atlas from Silvaco. Front and rear emitter [13] 
silicon heterojunction solar cells were modeled. Side effects, such as highly recombinative unpassivated wafer edges 
are taken into account; several parameters are varied to evaluate the effect of such edges on cell performance. 
In section 2, details about our simulations are presented, including structures modeling solar cells and SunsVoc 
experimental setup modeling. Then in section 3, results of 2D simulations including recombination paths at wafer 
edges are presented and discussed in section 4 in the light of experimental results. We conclude the discussion on 
optimal ways to isolate junctions in silicon heterojunction solar cells technology. 
2. Simulation details 
2.1. General features 
Standard cell structures simulated in the frame of this work are sketched in Figure 1: they include a crystalline 
silicon wafer passivated with amorphous silicon layers, and Indium Tin Oxide (ITO) transparent conductive layers. 
All materials, c-Si, a-Si:H and ITO are modeled as bulk semiconductors. c-Si is already implemented in the Atlas 
package: specific properties, like bulk recombination and doping are adjusted to reflect realistic materials. a-Si:H 
modeling accounts for realistic defect-pool model based density of gap defects [14], and the doping is adjusted to 
make the Fermi level position coincide with experimentally determined activation energies [15]. The ITO is a wide 
band gap highly doped semiconductor, whose free carriers density and charge mobility correspond to state of the art 
materials [16]. Interface defects were inserted using a very thin, highly defective c-Si layer at the a-Si:H/c-Si hetero-
contact [17]; its defect density was adjusted to fit with reported values [18]. Metallic contacts were assumed perfect 
and extremely thin. In the present study, a polished surface is considered, although the presence of texturing should 
not bring any deviations to the conclusions. 
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In figure 1b an ideal cell is considered, where no edge effects are expected as periodic boundary conditions are 
imposed. However, in figure 1a, the left side is caped with a defective c-Si layer which aims to represent an 
unpassivated wafer edge; on the right side, charge carriers are reflected into the cell. 
2.2. SunsVoc simulations & studied structures 
To the authors’ experience, SunsVoc measurements are rarely simulated, and details about how we perform such 
simulations are necessary at this point. To stay close to the experimental setup, the solar cell is placed in open-circuit 
conditions, which are made possible by forcing the external current to be zero. Then, the cell is placed under varying 
illuminations in a steady-state; as no charge carriers can be extracted from the structure, a voltage appears across 
both terminals (front and rear contacts). This illumination dependent open-circuit voltage (Voc) is recorded and 
constitutes the base of both experimental and simulation setups [6]. In a next step, a pseudo-current/voltage (J-V) 
curve is calculated by transforming illumination (suns) values to current values: ܬ ൌ ܬ௦௖ሺͳ െ ݏݑ݊ݏሻ. Voltage values 
are the recorded Voc. The fill factor (FF) of this pseudo J-V curve is the commonly named p-FF. 
3. Recombination at wafer edges 
In order to investigate the influence of unpassivated wafer edges resulting of a cleavage after amorphous silicon 
layers deposition for example, the side density of defects (cf figure 1a) was varied; also structures were adapted to 
model a masking of the ITO on the front (front emitter) and rear (rear emitter) sides. Results in terms of p-FF are 
shown in figure 2. 
 
 
  
Fig. 1. (a) Cell with defective left side; (b) ideal cell with periodic boundary conditions 
152   Renaud Varache et al. /  Energy Procedia  55 ( 2014 )  149 – 154 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It can be clearly seen that as the recombination centers density on wafer edges increases, the p-FF drops 
dramatically. This can be understood in the light of previous works dealing with p-FF and FF dependence on 
interfaces passivation [19]; here, unpassivated edges bring an additional recombination path for photo-generated 
charge carriers. Rear emitter cells seem to be slightly more dependent on such edge recombination: this can be 
attributed to the longer path minority carriers have to travel before reaching the holes collector for such rear emitter 
cells. Minority carriers generated close to the edge have thus more chances to meet the edge and recombine there. In 
addition, the effect of side defects is less pronounced when the ITO is masked, i.e. when an area close to the edge 
does not participate to the output. All happens as if the effective edge of the cell was roughly at the ITO edge. It has 
to be noticed that the amplitude of the variations shown in figure 2 is very high due to the consideration of a single 
unit cell; numbers should be considered in respect to edge perimeter/area ratio. 
4. Discussion 
In Section 3 we saw that recombination at wafer edges can play a detrimental role on cell performances. It is now 
interesting to link this result to junction isolation methods. Indeed, this cell fabrication process step is critical as 
shunts have to be avoided while the junction quality has to be maintained to benefit from the whole substrate area. In 
table 1 we summarize wafer edge properties in terms of c-Si passivation and shunts, for different junction isolation 
methods. This information should be taken as general rules, as differences between specific processes could bring 
some deviations. Nevertheless they are useful to predict cell performance in the light of simulation results presented 
in section 3. 
Table 1. Expected wafer edge configuration. 
 Wafer edge properties 
Junction isolation method Passivated Shunted 
Laser opening No Yes 
Cleavage No No 
TCO masking Yes No 
 
 
Fig. 2. p-FF simulations for rear and front emitter heterojunction solar cells. 
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In addition, figure 3 presents experimental measurements of p-FF after different cell junction isolations for rear 
and front emitter cells. The reader is referred to reference [20] for details about cells fabrication processes at CEA-
INES. Cells were produced on 12.5x12.5 cm² c-Si textured wafers, and junction isolation was performed using 
methods introduced in table 1. It is clear that laser firing on ITO is detrimental to the cell; this is partly due to 
remaining shunts (parallel resistance is at least one order of magnitude lower in this case than when ITO is masked – 
data not shown here) and to diffusion of ITO in c-Si, which creates recombination centers. On the contrary, ITO 
masking prevents shunts from appearing, while the c-Si surfaces are well passivated with a-Si:H: the p-FF is greater 
by 2% absolute.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. p-FF measurements on cells after different edge processing. On rear (front) emitter cells, laser firing was made on rear (front) side, 
although no significant deviations were observed when laser firing on the opposite side (not shown here). 
When laser firing on a-Si:H, the p-FF doesn’t change, revealing that the change in passivation is too weak to play 
a role on the full cell. Finally, when cleaving edges, p-FF falls by about 0.5%; this may come from micro cracks 
appearing during the cleavage, or from the unpassivated c-Si wafer edge providing recombination paths as 
underlined by our simulation. We conducted a last test on a rear emitter cell where front and rear ITO were masked 
so that the finished cell has a very high parallel resistance (no shunts). Then we laser fired the front side (to avoid p-
n junction shunting), close to the edges but already on the ITO: the p-FF drops from 82.8% to 80.5%. Cell cleavage 
along laser fired lines makes the p-FF to go up again to 81.5%. These last results clearly enlighten the role of ITO 
incorporation into c-Si, which creates recombination active impurities. To sum up, these results lead to consider 
TCO masking as the method of choice to isolate junctions, thus avoiding laser firing and keeping cell edges well 
passivated. 
5. Conclusions 
In conclusion, we have been able to simulate p-FF measurements on 2D structures. This new simulation tools 
opens the doors to the constitution of a solid interpretation basis for experimental results. In particular, we used it to 
explore the influence of wafer edged on the performance of silicon heterojunction solar cells; we could thus 
demonstrate that it is useful to have the whole wafer passivated, including wafer edges. A certain amount of inactive 
cell close to the edges can help to have more flexibility regarding edge passivation. In the light of experimental 
results, we arrive to the conclusion that TCO masking is the best way to isolate junctions, which both affords edge 
passivation and avoids shunts. 
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